Introduction
Asthma is a complex chronic inflammatory disease of the airways that affects over 1 in 12 individuals in the United States, and more than 230 million people around the world [1, 2] . Characterized by airway hyperresponsiveness (AHR) and acute attacks of constricted breathing and swelling of the lungs, asthma can lead to permanent airway remodeling and may be life-threatening [3] . Several different conditions have been linked with asthma, with the most prominent of these being obesity [4] . The most common type of asthma is allergic asthma, in which the attacks are triggered by allergic reactions. While many medications have been developed to treat the condition, there remains no cure. Some of the commonly used management methods also have significant long term side effects, as they are mostly broadfunctioning immunosuppressants (e.g. corticosteroids). However, deeper mechanistic insights into the condition may lead to the generation of more specific targets. In particular, T helper cells that organize and drive the immune response in asthma may be especially promising and meaningful targets for therapy. While AHR can sometimes be induced in the absence of T cells, it is clear that T cells drive significant effects when they do exist [5] . In this review, we focus on the roles played by several T helper subtypes in asthma, and the effects that various medications may have on these subtypes, with a particular emphasis on Th9, given the relative paucity of reviews on the subject relative to the importance of their impact. A pictorial summary of the interactions covered can be seen in Figure 1 .
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Asthma is a complex chronic inflammatory disease of the airways that is of increasing prevalence. Many different cell types are critically involved in its pathogenesis, including several classes of T helper cells. These cells may serve to generally organize the asthmatic response by virtue of the cytokines and other factors they release, which trigger downstream effects on a wide variety of cells. In this review, we cover some of the effects that these T helper cells may have, as well as the effect that different medications may have on these cells. In particular, we overview some of the anti-cytokine therapies so far conceived, and discuss some other possible avenues of approach that allow for selection against target cell types.
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Th2 Cells
Th2 cells were the first lineage of T helpers cells identified to be critical in asthma pathogenesis, as part of a paradigm in which Th1 cells mediated inflammation against foreign antigens while Th2 cells regulated autoimmunity. While the discovery of other T helper subsets have led to substantial revisions in the paradigm, the important role of Th2 cells in asthma has only been confirmed. Controlled by transacting T-cell-specific transcription factor GATA-3 (GATA-3), Th2 cells may differentiate in response to either interleukin (IL)-4 and IL-2, or IL-2, IL-25, and thymic stromal lymphopoietin (TSLP) [6] . The common denominator, IL-2, signals via activation of GATA-3 and signal transducer and activator of transcription (STAT)5, which have been shown to be vital for Th2 differentiation [7, 8] . In fact, GATA-3 is understood to be the lineage-defining transcription factor for the phenotype [9,10]. GATA-3 undertakes that role by suppressing proteins that promote alternative fates, such as the Th1-linked STAT4 [11, 12] . However, other proteins such as STAT6 and YY1 are also critical to successful Th2 differentiation [13] .
Capable of producing cytokines such as IL-4, IL-5, IL-6, IL-9 and IL-25, Th2 cells also help control B cell immunoglobulin classswitching to the "allergic" IgE [14-16]. Th2 production of IL-4 is especially important for its role in inducing further Th2 and Th9 polarization. In addition, the assortment of cytokines that Th2 cells may release can influence the behavior of many other cell types, as reviewed elsewhere. Such class switching has been identified to be of significance in allergic responses [17] . Th2 cells also have an interesting plasticity dynamic in which they may take on an additional phenotype as a double positive population, a result first seen with Th2/Th17 cells, but which may also be extended to GATA3 + Tfh cells. Th2 cells have also been shown to differentiate into Th9 cells (or at least IL-9 producing cells) in the presence of TGF-β [18] . Studies have also shown that TSLP may be essential in stimulating long-term Th2 survival/memory, such that a significant pool of Th2 cells may form following an initial acute inflammatory event and then rapidly respond to a second inflammatory event by reaching the lungs, forming a vicious cycle [19] . While the precise duration of Th2 activity is still unclear, their memory capability is very relevant to understanding asthma pathogenesis.
Th9 Cells
Following the activity of Th2 cells, the Th9 subtype may then emerge at the site of inflammation to further modulate immune function. Th9 cells generally require the presence of IL-4 and TGF-β to polarize, with the two signaling pathways that follow from those cytokines dictating their polarization, although other cytokines such as IL-25 may also play supporting roles [20] [21] [22] [23] . It is commonly understood that both IL-4 and TGF-β are present in significant quantities in asthma, and larger populations of Th9 cells have been reported in asthma patients, as well as in other related airway and autoimmune disorders (e.g. atopic dermatitis) [24] [25] [26] [27] [28] . Curiously, the reactive oxygen species NO may significantly up regulate Th9 cells contrary to its general inhibitory effects elsewhere [29] . However, Th9 presence in many cases may be somewhat brief, potentially due to the high impact it may have in the local environment [30] . While a skin-homing capability for Th9 cells has been reported, it is unclear precisely how they may also localize to the lungs, or how they may change to a memory state [31] .
It is generally understood that IL-4 signals through the JAK/ STAT, ERK, and Akt/PKB pathways, while TGF-β signaling involves SMAD family and Pu.1 [32] [33] [34] [35] [36] . These pathways interact with each other to suppress transcription factor associated with alternate fates, such as the Treg lineage-defining transcription factor Foxp3, and consequently drive Th9 lineage commitment. While no clear lineagedefining transcription factor has been identified for Th9 cells, such a protein would doubtlessly be related to those signaling pathways. What is clear is that the end result of the complex interactions that occur in Th9 cells is the recruitment of proteins to the IL-9 promoter, and subsequent transcription and secretion of the cytokine. The transcription factors IRF4 and Pu.1 have been identified to be especially critical for such transcription, and both can directly bind onto the IL-9 promoter [37-39]. As such, regulation of the two proteins may be of great utility in controlling Th9 activity.
First identified for their propensity to produce large amounts of IL-9, Th9 cells have since been shown to also produce significant amounts of several other cytokines of interest, namely IL-10 and IL-21 [40] . IL-9 is understood to be a largely pro-inflammatory cytokine, which may trigger signaling through the IL-9 receptor via JAK/STAT to drive NF-кb activation, among other direct and indirect effects [41] . IL-9 expression has been shown to be highly elevated in asthma, in both murine models and human samples. Mice deficient in IL-9 producing cells due to IRF4 knockout experience less severe asthma in the ovalbumin model [42] . Other reports have shown that IL-9 signaling is also important in the development of ulcerative colitis and other autoimmune disorders [43, 44] . Many different cell types possess the IL-9 receptor, and several other cell types may also be modulated by IL-9 through other means. Of particular interest to asthma and allergy is the fact that the Th2 and Th17 subtypes express much higher amounts of IL-9R than other T helper subtypes [45] . In addition, neutrophils and mast cells also express the IL-9R, consistent with reports that those cell types can be strongly influenced by Th9 activity [46] [47] [48] [49] . IL-9 has been shown to promote mast cell expansion and function, leading to the production of histamines that play a large role in the negative effects associated with asthma and allergies [50] . IL-9 may also enhance B cell IgG production in conjunction with IL-4 production by Th2 cells [51, 52] . IL-9 may also play a role in the B cell selection process, given that its receptor is more highly expressed in germinal center (GC) B cells than circulating B cells [53] . Airway smooth muscle cells also express the IL-9R, and may have their chemokine release modulated by IL-9 [54]. Several reports have suggested that some macrophages and epithelial cells may also receive IL-9 signal transduction through means not currently understood [55, 56] . IL-9 has also been shown to have an effect on cells less studied in relation to asthma [57, 58] .
IL-10, on the other hand, is an anti-inflammatory cytokine, whose production can lead to suppression of the TNF-a, IL-1b, and IL-6 pathways [59] . Such suppression runs directly contrary to the pro-inflammatory activity of IL-9, and might be used as a balance of sorts to prevent unregulated inflammation. IL-21 production by Th9 cells has been demonstrated to be important to the anti-tumor capabilities of Th9 cells, and may be thus less relevant to Th9 function in autoimmunity, although it should be noted that IL-21 can stimulate naïve T helper polarization into Tfh [60] [61] [62] . IL-21 can also influence B cell activity [63] . Beyond these established cytokines, Th9 cells have also been suggested to produce IL-3 in an interaction with dendritic cells to enhance their longevity [64, 65] . The effect of these cytokines in asthma and allergy is less well understood.
Th17 Cells
Similar to the Th2 and Th9 subtypes, the Th17 subtype is also subject to the control through the activity of various transcription factors and cytokines. Most crucial among these are IL-6 and TGF-β which are can combine to stimulate activation of the lineagedefining transcription factor RORγt [66] [67] [68] . Since the internal regulation mechanisms of Th17 cells have been the subject of many in-depth reviews, we will only add here that current definitions and understandings of Th17 cells may change significantly with further understanding of T helper plasticity, as a certain percentage of Tfh have been found to be highly RORγt expressing [69] . Interestingly, an alternative polarization combination of IL-6, IL-1b, and IL-23 may also generate a more pathogenic strain of Th17 cells [70] . As with Th2 and Th9 cells, the cytokine environment in asthma clearly allows for the differentiation of Th17 cells. Several studies have also confirmed that substantial amounts of Th17 cells are present in asthma and chronic inflammatory conditions [71] .
IL-17, like IL-9, is generally a pro-inflammatory cytokine. 5 different IL-17 receptor (IL-17R) proteins have been identified, which are expressed across a wide variety of tissues, including epithelial and immune cells. IL-17 signaling promotes NF-kb activation and the associated inflammation in several ways, and may also enhance proinflammatory cell survival [72, 73] . In particular, IL-17 can induce production of IL-6 in a positive feedback of sorts [74, 75] . IL-17 can also stimulate increased expression of inducible nitric oxide synthase (iNOS), particularly in macrophages, leading to production of the reactive oxygen species NO [76] [77] [78] . This latter result is a negative feedback loop that can control Th17 activity, since NO has been shown to inhibit the Th17 subtype [79] . Of additional interest in asthma is the fact that IL-17 expression is significantly elevated in the local airway during acute responses, as well as in general allergic reactions [80] . These effects serve as potent complements to those driven by Th9, and may potentially arrive at the site at the same time as Th9, if not earlier. Further study of the chronology will be required for a more complete mechanistic understanding on a multi-cellular level.
Treatments
Current treatment methods for asthma can be classified into two general categories-long-term controlling medications that seek to suppress chronic inflammation, and short-term rescue medications that act rapidly in the event of an attack. While some of the medications used to treat asthma may "overlap" and be applied for both rescue and control, it is nonetheless clear that they are to be distinct. Short-term rescue medication is generally given at a far higher dose than control medication, with the need to act rapidly and effectively. Specificity, though desirable, may be sacrificed somewhat in such emergency situations. Long-term control medications, on the other hand, are generally given at much lower doses and maintained for years. As such, increased specificity for long-term control would be extremely beneficial. There is also hope that long-term control can eventually prove to become a cure, if it can permanently recalibrate the asthmatic response.
The standard short-term rescue medications are short-acting beta-adrenergic agonists (beta-agonists) such as epinephrine that relax airway muscles, and systemic corticosteroids that serve as broad immunosuppresants to reduce inflammation [81] . Betaagonists act on beta adrenoreceptors on airway tissue to drive the activation of adenylate cyclase, starting a chain reaction that leads to smooth muscle relaxation [82] [83] [84] . While generally considered safe, they have also been suggested to exacerbate the condition in some circumstances [85] . Corticosteroids, on the other hand, act more broadly, and impact the phospholipid regulation in all cells. However, long-term use of corticosteroids may lead to a host of side effects, including obesity, which may undermine long-term control [86] . It may also lead to other detrimental effects such as hypertension and other metabolic deregulation [87] . Furthermore, studies have suggested that corticosteroids may actually be significantly resisted by at least Th17 cells when used to treat asthma [88, 89] . While treatments such as a corticosteroid and statin combination have been proposed to overcome some of those issues, it is unclear if it would be useful as therapy, with the issue being currently in controversy [90] [91] [92] [93] . It may also be that the high dosages at which rescue medications are used render their specificity to be negligible, while the lower dosages at which they are used as long-term controls makes those effects more visible.
Several different drugs have been under development in recent years to provide more specific treatment options for chronic asthma. Many of them seek to directly target T helper cell function. These anti-T helper drugs generally fall into three types; anti-cytokine antibodies, cytokine receptor agonists, and cytokine receptor mimics. Designed to disrupt the inflammation machinery, these drugs have the additional potential of progressing towards an actual cure by clearing out the excess population of pro-inflammatory T helpers. (It should be noted that such a clearing out would need to be managed with caution, given that pro-inflammatory T helpers are still vital to proper immune function.) Many of the drugs showed great efficacy in murine models. Unfortunately however, such successes have yet to be replicated sufficiently in clinical trials.
The earliest of these more selective drugs was a recombinant human IL-4 receptor that showed promise in early phases, but which failed to prove true clinical efficacy in further trials [94] . A subsequently developed humanized anti-IL-4 antibody similarly failed to be effective at suppressing Th2 cells in trials, although a more recent version has been demonstrated to be more effective, especially in reducing eosinophil counts [95] [96] [97] [98] [99] . A humanized monoclonal anti-IL-9 antibody has been successfully generated and has reached phase 2a in clinical trials, but has not been found to lead to significant improvements in patient condition when combined with existing asthma controller medications [100, 101] . It is unclear if other specific antibodies or agonists targeting IL-9 or IL-9R have been generated. Humanized anti-IL-17 antibodies and IL-17R agonists have been generated by several pharmaceutical companies and have been tested on a wide spectrum of autoimmune disorders [102] [103] [104] [105] . Encouragingly, both have been shown to be effective in treating psoriasis, a skin disorder sometimes associated with asthma [106] [107] . Unfortunately, the use of IL-17R agonist did not lead to significantly improved outcomes in a phase 2 clinical trial for asthma [108] . In addition, both the IL-17R agonist and the anti-IL-17 antibody have been shown to be ineffective in treating ulcerative colitis, a disorder that features similar T helper interplay to asthma [109] . Further testing may resolve the exact efficacy of these anti-IL-17 medications.
Other anti-cytokine drugs have also been developed to target mast cells and macrophages, with varying degrees of success. Anti-IL-5 medication is currently in testing, and has shown particularly efficacy against eosinophils [110] . Histamine receptor agonists are now in common use, and mast cell stabilizers have also been developed [111] [112] [113] [114] . However, these medications primarily function in alleviating the short-term acute response, and may not be very suitable for longer term use due to side effects such as drowsiness. Leukotriene receptor agonists have also seen some success [115] . Anti-TNF-α drugs targeting persistent macrophages have also been shown to be unsuitable due to a low response rate [116] . Targeting of several other surface proteins, such as OX40 and VLA-4 has been shown to be quite limited in effect [117, 118] . Intriguingly, clinical trial of an anti-TSLP antibody that would inhibit both Th2 and Th9 development and memory revealed significant improvements in indices of airway inflammation and bronchodilation [119] . While the Th2 targeting treatment is perhaps the most promising now given its stage in clinical trial, it may still require significant further refinements. Overall, it must be concluded that anti-cytokine therapy may not be the most optimal strategy, given the low rate of success.
As such, the development of other compounds for treating allergic asthma is still urgently needed. Genotyping may help in this process significantly, as some subsets with genetic differences about a cytokine that predispose to asthma may be more receptive to treatments targeting that cytokine. Other possible targets such as transcription factors and other polarization factors may also be of use for therapy. While gene therapy has historically encountered great difficulty in translating to cures, the recent European Commission approval of alipogene tiparvovec has indicated a renewed interest in such techniques. microRNA sequences that have been linked with asthma may also be possible therapeutic targets with higher specificity [120] .
The recent focus in immunology on the influence of metabolic factors in immune behavior has suggested that metabolism-based selection compounds may prove to be quite effective in treating autoimmune conditions. After all, conditions that disrupt normal metabolism, such as obesity, have been clinically correlated with increased asthma severity. Different T helper cell types have some significant variations in metabolic requirements; perhaps the most studied of these differences is the fact that T effector phenotypes including Th2, Th9, and Th17 all require higher energy during polarization than Tregs [121] [122] [123] . More interestingly however, different T helper phenotypes also have varied requirements for specific nutrients/metabolites [124, 125] . Studies conducted on Th17 cells have demonstrated that the subtype is favorably polarized in the presence of succinate and brief hypoxia, in contrast to other subtypes [126, 127] . In addition, Th17 cells have been shown to be more strongly affected by amino acid starvation than other T helper subtypes [128, 129] . While Th17 cells are obviously not equivalent to Th9 cells (as evidenced by their sharply different responses to NO), small molecule compounds that target cellular metabolism may nonetheless prove to be quite useful in treating asthma.
Interestingly, recent studies have suggested that some perceived "broad suppressants" may actually be having selective and specific effects against the cells being acted upon, particularly at lower dosages. One study has found that the chemotherapy drug 5-fluorouracil, an anti-metabolite, may have specific effects against some T helper phenotypes while leaving others unaffected, and that it may induce these effects without inducing widespread apoptosis as feared (private communication). A similar mechanism could be underpinning the successful use of a similar anti-metabolite, methotrexate, in its offlabel application against atopic dermatitis [130] . It would not be so fanciful a notion to consider that such medications could also be relevant in treating asthma. Some of these medications are already in use in treating small-cell lung cancer, among other lung conditions [131] . Studies on the drug tolerance of these medications by the other cells along the airway as compared to their tolerance in the gut could further demonstrate their feasibility.
Dose-based analysis may also reveal more specific effects for other non-metabolic medications as well. For instance, beta-agonist mediated activation of adenylate cyclase could promote the breakdown of intracellular ATP, and consequently drive depletion of extracellular ATP, which would then influence T helper behavior, possibly biasing against Th17 proliferation [132, 133] . Such a phenomenon may be a reason for why low-dose use of long-term beta-agonists can help improve management when used in conjunction with corticosteroids. Similarly, recent work has shown that inhibition of a broad-acting positive effector of transcription, BRD4, can be inhibited to selective effects against some T helper types (unpublished data in addition to references) [134, 135] . Overall then, it may be useful to apply these other compounds in conjunction or slightly after the standard shortterm controllers to strongly regulate the T helper cell activity that occurs following the immediate inflammatory event, to prevent airway reconstruction that occurs later on.
Conclusion
A complex condition featuring the interplay of many different transcription factors across different cell types, asthma remains a difficult condition to over the long-term. The current generation of non-specifically (or at non-intentionally specific) medications being used have significant drawbacks that impair quality of life, but the next generation of more specific anti-cytokine treatments have not been able to pass clinical trials. Despite the brevity of their existence, T helper cells polarized to Th2, Th9, and Th17 subtypes play major roles in controlling inflammation events, and may influence immune activity even after the cells have passed. Additional memory versions of these cells can also induce stronger responses during subsequent challenges along the road towards deleterious airway reconstruction. As such, specific inhibition of these subtypes may be critical towards treating asthma and progressing towards a cure. While many of the specific anti-cytokine therapies attempted so far have not been successful, anti-metabolic and anti-memory therapies have shown some promise (a summary of the specificity certain medications may have is presented in Table 1 ). 
